The "sliding graft copolymer'' (SGC), in which many linear poly-ε-caprolactone (PCL) side chains are bound to cyclodextrin rings of a polyrotaxane (PR), was prepared and employed to toughen brittle polylactide (PLA) with methylene diphenyl diisocyanate (MDI) by reactive blending. The SGC was in situ crosslinked and therefore transformed from a crystallized plastic into a totally amorphous elastomer during reactive blending. Meanwhile, PLA-co-SGC copolymer was formed at interface to greatly improve the compatibility between PLA and SGC, and the chain extension of PLA also occurred, were confirmed by FTIR, GPC, SEM, and TEM. The resulting PLA/SGC/MDI blends displayed super impact toughness, elongation at break and nice biocompatibility. It was inferred from these results the crosslinked SGC (c-SGC) elastomeric particles with sliding crosslinking points performed as stress concentrators and absorbed considerable energy under impact and tension process.
epoxy-containing elastomer (EBA-GMA), and a zinc ionomer (EMAA-Zn). 25 The zinc ions catalyzed the in situ crosslinking of the epoxy-containing elastomer and also promoted the reactive compatibilization at the interface of PLA and the elastomer, resulting in the excellent impact strength of PLA.
Recently, K. Ito' group prepared a novel type of polyrotaxane (PR) having polymeric side chains attached to the cyclic molecules, and designated it as "sliding graft copolymer" (SGC). 26, 27 The SGC, in which many linear poly-ε-caprolactone (PCL) side chains are bound to the cyclodextrin (α-CD) rings of a PR, were synthesized by ring-opening polymerization of ε-caprolactone initiated by the hydroxyl groups of PR (Scheme 1a). The bulky adamantine groups at both ends of the linear chains are introduced to prevent the dissociation of the cyclic molecules. The key feature of SGC is that the cyclic molecules (α-CD) and grafted side chains can freely slide and/or rotate along the backbone (PEG) within the restrictions of the main chain length. More interestingly, crosslinking the side chains (PCL) of SGC can produce a novel three-dimensional supramolecular network. When the crosslinked SGC (c-SGC) undergoes considerable swelling or elongation, the crosslinks can slide on the included PEG chains to their optimum points, resulting in full tension of all polymer chains and relaxation of internal stresses. 28, 29 This phenomenon, which is called the pulley effect, is illustrated in Scheme 1(c). What's more, the chemical contituents of SGC, i.e., PCL, PEG and α-CD (Scheme 1(c)) are biodegradable and part of them can be derived from renewable resources, giving SGC biodegradable and biocompatible characteristics.
Considering the special mechanical performance and biodegradable nature of SGC, we for the first time try to use the novel SGC to toughen PLA through reactive blending with the assistance of MDI. The morphology, thermal and crystallization behaviors, and mechanical properties of the blends are systematically investigated.
Such a novel PLA blend with super toughness was not reported before.
Experimental section

Materials
Polylactide (PLA, 2002D) was provided by Natureworks, USA. It had a weight-average molecular weight (M w ) of ~167, 000 g/mol, a polydispersity index polymerization'' of ε-CL monomers, which was initiated by the hydroxyl groups of the hydroxypropylated CDs and catalyzed by tin 2-ethylhexanoate (stannous octoate, Sn(Oct) 2 ). In this method, ε-CL (10 ml) and hydroxypropylated polyrotaxane (1 g) were added into a 50-ml three-neck flask. The mixture was purged with nitrogen for 30 min under gentle magnetic stirring until the mixture was uniform. In the second phase, after adding Sn(Oct) 2 as the catalyst, the mixture was heated to 100 o C under an argon atmosphere for 3~4 h until the liquid became viscous. Then the liquid was dissolved in toluene (40 ml) and poured into hexane (450 ml) to precipitate the SGC. 
Characterization
Scanning electron microscopy (SEM) (S4700, Hitachi Co., Japan) was used to determine the morphologies of the blends at 1 kV. The samples were fractured under cryogenic conditions for 10 min and the surfaces were coated with a thin gold layer.
The average molecular weight and polydispersity index of all the samples were determined by gel permeation chromatography (GPC) measurements on a Waters
Breeze instrument equipped with three water columns (Steerage HT3 HT5 HT6E) using tetrahydrofuran as the eluent (1 ml/min) and a Waters 2410 refractive index detector. A polystyrene standard was used for calibration.
Fourier transform infrared (FTIR) spectra were recorded on a Tensor 27 spectrometer. Typically, 32 scans at a resolution of 4 cm -1 were accumulated to obtain one spectrum.
Differential scanning calorimetry (DSC) data were obtained from a 
Results and Discussion
SEM morphology of PLA/SGC/MDI blends.
If the dispersion phase is incompatible with the matrix phase, the dispersion would exist as spherical particles with large dimension to reduce surface tension. On the contrary, if the two components in a binary blend have good compatibility, the dispersion particles would uniformly disperse in the matrix with relatively smaller particle size and has no obvious demarcation with matrix phase. 
In situ reaction between PLA and MDI
The PLA/MDI (40/2) blend was prepared to determine the reaction between PLA and MDI. GPC traces were used to monitor the change of M w from PLA to PLA/MDI blend, as shown in Figure 2 (a). The GPC chromatogram of the neat PLA contained a single peak. For the PLA/MDI (50/2) blend, the major peak is found at lower elution time than neat PLA, and the broad shoulder peak is assigned to the chain extended polymer. M w of PLA/MDI blend is 329,000, which is almost double that of the neat PLA (M w ~167,000). Meanwhile, the PDI also increases from 1.52
for PLA to 2.52 for PLA/MDI, owing to the chain extension of PLA induced by MDI. has been assigned to the free vibration of N-H stretching mode in carbamate units.
As a consequence, MDI is proven to be an effective chain extender to produce high molecular weight PLA. Higher molecular weights are better for PLA to possess good physical properties.
In situ crosslinking of SGC and formation of PLA-co-SGC
To blend which is turbid. The trichloromethane is a good solvent for PLA as reported.
The insoluble substance is believed to be the reaction product of MDI, SGC and PLA, is expected to form a crosslinked network. Secondly, the solvent extraction technique was employed to determine the insoluble component in the PLA/SGC/MDI blend.
The PLA/SGC/MDI blend was extracted for 72h at 150°C in trichloromethane solvent, and then dried for solution removal. The insoluble component was characterized with FTIR and DSC, as shown in Figure 3 and Figure 4 . In order to confirm the crosslinking of SGC with MDI more explicitly and conveniently, the SGC/MDI blend was placed in a flask in the absence of PLA and allowed to react for 10 min at 170°C.
When MDI were poured into the melting SGC, the gelation and solid mass were generated immediately. The resultant formed in flask was also analyzed by FTIR and DSC.
A detailed FTIR analysis of pure SGC, SGC/MDI particles (c-SGC formed in flask) and extracted insoluble fraction (extracted c-SGC) were conducted in order to prove the relative reactions, and the spectra are shown in Figure 3 . For the pure SGC, the most striking absorption peak in the spectrum appears at 1730 cm 
Morphology of SGC and c-SGC in PLA matrix
TEM was employed to evaluate the morphology and dispersion of pure SGC and c-SGC particles in the PLA matrix. In Cold crystallization refers to a phenomenon that some glassy polymers, after heated to temperatures higher than T g , are able to crystallize.
The effect of SGC and c-SGC on the cold crystallization of PLA will be further discussed in the DSC analysis.
Thermal behavior and crystallization
Figure 7(a) shows the DSC heating curves of neat PLA, PLA/SGC and PLA/SGC/MDI blends with different amounts of MDI, and the data are summarized in Table 1 . The neat PLA curve shows three transitions upon heating: a PLA glass transition, a broad cold crystallization exothermic peak, and a melting endothermic peak. The low and broad cold crystallization peak indicates that neat PLA has a rather low cold crystallization capability. However, after the addition of SGC into PLA, the cold crystallization peak shifts to lower temperature and the full width at half maximum becomes smaller than that of neat PLA, probably because SGC has a dilution effect on the PLA matrix, i.e., SGC is in a highly elastomeric state at the cold crystallization temperature of PLA since it is already melted. Therefore, SGC improves the mobility of PLA segment and the crystallization ability of PLA. 
Mechanical properties
The stress-strain curves of neat PLA, PLA/SGC blend and PLA/SGC/MDI blends with different amounts of MDI are presented in Figure 8 (a), with details listed in Table S1 . PLA is very rigid and shows a high tensile strength, but its elongation at Notched impact strength is a more accurate and more useful measurement to evaluate the toughness than the tensile method due to the introduction of a sharp notch. The improvements of mechanical properties surpass those by many previous efforts in toughening PLA (Table S2) . Though some PLA blends displayed a significant increase in impact strength over that of neat PLA, most of the added polymers have no biocompatibility. The lack of biocompatibility limits the biomedical applications of the prepared blends. Our work provides an effective toughening method to largely improve the mechanical properties of PLA without sacrificing its biocompatibility ( Figure S4 in the Supporting Information), which is very important for the wide application of PLA materials.
Morphology of fracture surface
We further investigate the toughening effect of SGC on PLA by using SEM, and Both two processes will absorb considerable fracture energy under impact process. The cytotoxicity of neat PLA and PLA/SGC/MDI blends was evaluated to determine whether they are suitable for biomedical applications. L929 mouse fibroblasts were used in our cytotoxicity assays owing to their popularity and three days was chosen as the incubation period to allow for the completion at least one cell cycle. The cell relative growth rate (RGR) reflects the viability of L929 cells growing in the material. The RGR was classified to six grades as shown in Table S3 according to the standard GB/T 16886. . Grades 0 and 1 were accepted as qualified. Grade 2 should be considered by combining with the cell's morphology. Greater than grade 3 was considered as unqualified. A material would be considered as nontoxic when its RGR is at least 75 % higher than the control. In Figure S2 , the RGR for neat PLA and PLA/SGC/MDI blends were are higher than 85 %, showing that PLA/SGC/MDI blends have acceptable biocompatibility and hold great potential for both engineering and biomedical applications.
Conclusion
